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Introduction {#sec001}
============

Gaze position can indicate the locus of attention and provide information about visual processing strategies \[[@pone.0128428.ref001]--[@pone.0128428.ref005]\]. Measurement of pathological eye movements can also help understand the pathogenesis of neural disease \[[@pone.0128428.ref006]--[@pone.0128428.ref009]\]. The accurate measurement of eye movements is important to numerous research areas, including visual neuroscience, scene perception \[[@pone.0128428.ref001],[@pone.0128428.ref010]\], machine vision \[[@pone.0128428.ref011]\], clinical research \[[@pone.0128428.ref006],[@pone.0128428.ref012]--[@pone.0128428.ref015]\], and other applied fields \[[@pone.0128428.ref004],[@pone.0128428.ref016]--[@pone.0128428.ref019]\], but it is perhaps most critical to studies on fixational eye movements (FEMs; the involuntary, small-magnitude eye movements continuously produced during fixation: i.e. microsaccades, drift and tremor), due to the eye tracking sensitivity and precision required to obtain reliable FEM data.

Researchers have investigated FEMs for over 50 years \[[@pone.0128428.ref002],[@pone.0128428.ref020]--[@pone.0128428.ref024]\]. Human studies from the 1950s relied on a contact lens-based method, called the \"optical lever\" method, to track eye movements. This involved imbedding one or two reflecting mirrors in a contact lens, placing the contact lens on the participant's eye, and then shining a light source on it and recording the reflected light, which led to a signal about the orientation of the eye \[[@pone.0128428.ref021]\]. The optical lever method went out of use, due its complexity and invasiveness, with the arrival of the search coil method in the 1960--1970s \[[@pone.0128428.ref025],[@pone.0128428.ref026]\]. The search coil method involves placing a contact lens, containing coils of thin copper wire, on the eye of a participant who sits inside an area including magnetic fields that induce gaze-dependent electric currents in the coils (search coils are surgically implanted in animal models). The induced current signals travel through a thin wire that leaves the corner of the eye. The search coil is considered the gold standard for eye tracking, being significantly less noisy than video trackers \[[@pone.0128428.ref027]--[@pone.0128428.ref032]\], but it is invasive and may interfere with natural vision. Additional pitfalls are limited experimental time due to the subject\'s discomfort, necessary use of topical anesthesia, potential drying of the eye from inadequate blinking, temporary deformations of the cornea, and reduced visual acuity \[[@pone.0128428.ref029]\]. Further, saccades may be slowed when measured by search coils \[[@pone.0128428.ref031],[@pone.0128428.ref033]\], although recent evidence argues against this hypothesis \[[@pone.0128428.ref034]\]. Some recent FEM studies have used dual Purkinje eye image (DPI) trackers, which track the fourth Purkinje image and the corneal reflection \[[@pone.0128428.ref035]\], but these typically require the use of a bite bar as well as an eye patch (since recordings are almost always monocular), in addition to a bulky and complicated setup \[[@pone.0128428.ref036]\]. Because of these difficulties, most contemporary researchers rely on video-oculography (i.e. video tracking) methods to record human eye movements---including FEMs---, as they are easiest to use, most flexible, and interfere with natural vision the least. Video tracking methods use a camera to digitally film landmarks on the eye (sometimes in conjunction with recording optical reflections from the eye), to determine the eye\'s orientation. The most common video tracking method tracks the pupil (with or without the corneal reflection).

As stated earlier, the reliable measurement of microscopic eye movements (i.e. microsaccades and ocular drift (hereafter drift)) is critical to FEM research, but no studies have conducted an in-depth comparison of human FEM recordings obtained with the search coil method (the gold standard for measuring FEMs) versus those obtained with contemporary, state-of-the art video trackers.

Previous human studies compared search coil recordings with a variety of video tracking recordings, but they did not investigate FEMs \[[@pone.0128428.ref027],[@pone.0128428.ref028],[@pone.0128428.ref030]--[@pone.0128428.ref033],[@pone.0128428.ref037],[@pone.0128428.ref038]\]. Recent research \[[@pone.0128428.ref034]\] pioneered simultaneous recordings with the scleral search coil technique and the most popular video tracking system in current FEM research (EyeLink 1000, SR Research) in head-fixed primates (i.e. stabilized with a surgical headpost). This study included an analysis of microsaccade detection with both systems (i.e. a comparison of the magnitude distributions of microsaccades detected with both systems versus those detected with one system exclusively), as well as an analysis of the effect of pupil size changes (caused by luminance changes) on (erroneous) gaze position, but did not investigate the properties of corresponding microsaccades in the two systems, or compare drift between the two systems.

It is also worth noting that human experimental setups typically stabilize the head with a head and/or chinrest, thereby allowing substantially more head motion than in headpost-implanted primates. In addition, whereas in non-human primates search coils are surgically implanted in the sclera of the eye, in human subjects they are embedded in a contact lens that is rested on top of the eye. The differential effects (or lack thereof) of both techniques on eye movement recordings have been debated \[[@pone.0128428.ref025],[@pone.0128428.ref033],[@pone.0128428.ref034]\]. Thus, the primate results in \[[@pone.0128428.ref034]\] may or may not generalize to most psychophysical and clinical human studies conducted with contact lens-mounted search coils and standard head- and/or chin-rests, especially for research concerning FEMs.

Here we provide an in-depth study of human FEMs (microsaccades and drift) measured simultaneously with a search coil and a state-of-the-art video tracker (EyeLink 1000, SR Research). One important feature of the present study is that it was conducted in experimental conditions that are characteristic of most human research on FEMs (whereas implanted headposts such as those in \[[@pone.0128428.ref034]\] immobilize the head to a larger degree than the chin/forehead rests generally used in human studies).

Participants fixated a small target while we recorded their eye movements simultaneously with a search coil and video tracker. We found substantial agreement between the two recording systems, but also some differences. 95% of microsaccades detected with the search coil were also detected with the video tracker, and 95% of microsaccades detected with video tracking were also detected with the search coil. This minor disagreement in microsaccade detection was largely constrained to microsaccades smaller than 0.5 degrees of visual angle. Further, the peak/mean velocities and main sequence slopes of microsaccades detected with video tracking were significantly higher than their search coil counterparts. Horizontal and vertical eye positions during ocular drift were significantly correlated between the two recording systems, but drift speeds were higher with video tracking than with the search coil method.

Materials and Methods {#sec002}
=====================

Participants {#sec003}
------------

Five subjects (3 males, 2 females) participated in the experiment. All of them had healthy eyes (normal or corrected-to-normal vision) and no visual complaints when they wore their refractive corrections. The subjects did not wear eye glasses or corrective lenses during the experiment, but had no difficulties seeing, or fixating their gaze on, the fixation target. No subjects experienced previous corneal surgery. These experiments were performed in approval of the Cleveland Veterans Affairs Medical Center Institutional Review Board and in conformity with the Declaration of Helsinki. All participants gave written informed consent.

Experimental design {#sec004}
-------------------

Before starting the experiment, a licensed physician applied a drop of topical anesthetic to the eye that was to have the contact lens-mounted search coil. The contact lens was then placed in the participant's eye.

Participants sat in a custom-designed chair with head support 1.2 m away from a tangent screen, and fixated their gaze on a small red laser spot presented at the center of their field of view. The experiment started with the five-point calibration procedure built into EyeLink 1000 (center, 5 deg up, 5 deg down, 5 deg left, 5 deg right; this was later used to calibrate each set of data offline), and consisted of 2 trials of one minute each.

Eye movement recordings {#sec005}
-----------------------

### Video tracker {#sec006}

We used the EyeLink 1000 eye tracking system (SR Research) to obtain binocular eye position from participants 1, 3, 4, and 5 and monocular eye position (right eye) from participant 2 (we could not obtain binocular eye position for this subject to a technical difficulty with the eye tracker data). We note that, even though binocular eye position was available from 4 subjects, we only compared eye movement data collected from the same eye in both recording systems (video tracking and search coil method). We did this to avoid potential confounding factors when interpreting differences between the two systems; for instance, the search coil may influence saccadic metrics \[[@pone.0128428.ref039]\] and oculomotor adaptation due to the load of the search coil may \[[@pone.0128428.ref040]--[@pone.0128428.ref042]\] or may not \[[@pone.0128428.ref041],[@pone.0128428.ref043]\] transfer to the eye without the search coil. Further, because drifts are not generally conjugate \[[@pone.0128428.ref024],[@pone.0128428.ref044],[@pone.0128428.ref045]\], comparisons between the two systems must be made on the same eye. The EyeLink system accounts for minor head movements using the corneal reflection. Thus, we obtained head-referenced eye-rotation angles by tracking the pupil and corneal reflection with the following video tracker settings: we set the pupil tracking method to centroid, turned off the heuristic filter, and used the built-in auto threshold. Participant 3 was discarded due to high noise levels in the video tracker data, and one trial was discarded for participant 1 because of technical difficulties.

### Search coil {#sec007}

We recorded eye position monocularly for each subject (right eye for participants 1, 2, and 3; left eye for participants 4 and 5). Horizontal and vertical eye movements were measured with 1.83 m field coils (CNC Engineering, Seattle, WA) that used a rotating magnetic field in the horizontal plane and an alternating magnetic field in the vertical plane. We put a head coil on to measure head rotations. Thus, the eye-in-head rotations are the difference between the eye (gaze) coil signal and the head coil signals. Search coils were calibrated before each experimental session using a protractor device (this was in addition to the post hoc calibration performed offline and described next).

### Sampling, calibration, synchronization, and post processing of search coil and video tracker data {#sec008}

The raw analog output of EyeLink was sampled and recorded using the search coil system at 500 Hz. This allowed perfect synchronization of the search coil and video tracker data. The video tracker and search coil data received the same processing (post and online); thus differences between the data sets are not due to differences in processing methods.

To avoid aliasing, the analog search coil signals (and also the analog EyeLink signals) were passed through Krohn---Hite Butterworth filters (bandwidth 0--150 Hz) before digitization at 500 Hz with 16-bit resolution. The digitized search coil and EyeLink signals were then filtered with an 80-point software filter (Remez FIR; bandwidth 0--100 Hz).

The raw signals from both sets of recorded data were calibrated offline using the data from the five-point calibration procedure built into EyeLink 1000. To do this, we performed robust linear fits (using Matlab's built in robustfit function) for each data set. Thus, each system was calibrated the same way and any differences between the data sets are not due to differences in calibration.

A word of caution is necessary concerning analog recordings with EyeLink: analog data transfer may substantially degrade data quality compared to digital transfer via the link built into the EyeLink \[[@pone.0128428.ref046]\]. To ensure that analog data transfer did not worsen our data quality significantly, we also recorded the digital signal (calibrated with the same 5-point procedure as the analog signal) and compared it to the digital signal after conversion from the analog output ([Fig 1](#pone.0128428.g001){ref-type="fig"}). We calculated the Pearson correlation coefficient (calling the Matlab routine \"corr\") and found, on average across subjects, a mean correlation in the horizontal component of 0.996, and in the vertical component of 0.993. Thus our analog-to-digital conversion introduced, at most, negligible amounts of noise.

![Comparison of data recorded from the analog versus the digital output of the video tracker.\
A two second epoch of analog versus digital eye movement recordings for each subject (indicated at the right) for the horizontal (left) and vertical (right) eye positions. Red traces are the digital signals obtained from the analog output of the video tracker as described in the Methods section. Pink traces are the corresponding data obtained from the digital output of the video tracker. Both signals are nearly identical.](pone.0128428.g001){#pone.0128428.g001}

Eye movement analyses {#sec009}
---------------------

### Blinks, microsaccades, and overshoots {#sec010}

Some saccades are followed by a fast small saccadic, oppositely directed, eye movement called overshoot, which is often more prominent for the eye that moves in the abducting direction \[[@pone.0128428.ref047]\]. Unlike the return saccade in a square-wave jerk, a dynamic overshoot follows a saccade without latency between the two movements. Blinks, microsaccades, and overshoots were manually tagged in both data sets by an experienced investigator (author M.B.M.), by delineating the start and stop sample points of each event using a custom Matlab program ([Fig 2](#pone.0128428.g002){ref-type="fig"}). We note that the expert was not blind to the source of the data (video vs. search coil). However, whenever he was coding data from one system, he was blind to the data from the other system. This was to avoid potential bias in detecting or rejecting a saccade based on its presence/absence in the other system.

![Microsaccade and overshoot detection.\
Here we show the horizontal (top black trace) and vertical (bottom black trace) EyeLink data from subject 5 over a 2.5 second epoch of time. Microsaccades were manually detected by aligning (using the mouse as control) the cross hairs, shown simultaneously on the horizontal and vertical axes, with the start of the microsaccade and clicking the mouse, and then aligning to the stop of the microsaccade and clicking the mouse. Overshoots were detected in the same way. An overshoot always began at the sample after the end of the microsaccade. The red crosses on the black traces indicate the defining samples of microsaccades and the blue crosses indicate the defining samples of the overshoots.](pone.0128428.g002){#pone.0128428.g002}

We displayed the horizontal and vertical eye positions (on separate vertically aligned axes). A cross hair, targeting the eye position, was displayed on each axis and could be moved with high precision control (at the temporal resolution of the sample rate, i.e. 500 Hz) with the mouse, allowing the experienced investigator to select and click (with the mouse) on the start sample and subsequently select and click on the stop sample. If a microsaccade was followed by an overshoot, the duration of the microsaccade was later refined to include the overshoot. Manual detection precluded the potential confound that any observed differences between data sets could be due to differences in the performance of an objective algorithm. For instance, the presence of many false alarms/negatives in one dataset (i.e. subject 1 in [Fig 3B](#pone.0128428.g003){ref-type="fig"} and subject 4 in [Fig 3C](#pone.0128428.g003){ref-type="fig"}) could lead to the conclusion that one system performed better than the other, whereas the discrepancy would have been due to the algorithm. Manual tagging also allowed us to delineate very precisely the stops and starts of blinks, microsaccades, and overshoots; this was especially critical to the analyses concerning overshoots. The average number of microsaccades detected per subject was 116.75 (± 29.62 s.e.m) for the video tracker and 116.25 (± 29.54 s.e.m.) for the search coil.

![Coherence of detection between manually detected microsaccades and microsaccades detected with an objective algorithm, for the search coil (top row) and video tracker (bottom row) data.\
(**A**) Percentage of search coil microsaccades detected manually that were also detected with the objective algorithm. (**B**) Percentage of search coil microsaccades detected manually that were also detected with the objective algorithm. (**A**) Percentage of video tracker microsaccades detected manually that were also detected with the objective algorithm. (**B**) Percentage of video tracker microsaccades detected manually that were also detected with the objective algorithm. Error bars represent the S.E.M. across participants (*n* = 4).](pone.0128428.g003){#pone.0128428.g003}

Notwithstanding the above, we found comparable results about the properties of microsaccades, overshoots and drifts when using manual detection and when applying the objective algorithm developed by Engbert and Kliegl \[[@pone.0128428.ref048]\] ([Fig 3](#pone.0128428.g003){ref-type="fig"}). On average, 98.6% of the search coil microsaccades detected manually were also classified as microsaccades using the objective algorithm, and 95.2% of the search coil microsaccades detected objectively were also classified as microsaccades manually (Fig [3A](#pone.0128428.g003){ref-type="fig"} and [3B](#pone.0128428.g003){ref-type="fig"}). On average, 89.4% of the video tracker microsaccades detected manually were also classified as microsaccades using the objective algorithm, and 98.6% of the video tracker microsaccades detected objectively were also classified as microsaccades manually (Fig [3C](#pone.0128428.g003){ref-type="fig"} and [3D](#pone.0128428.g003){ref-type="fig"}). All analyses, unless otherwise specified, were performed on manually detected microsaccades and overshoots.

### Microsaccade detection with an objective algorithm {#sec011}

We also detected saccades with a modified version of the algorithm developed by Engbert and Kliegl \[[@pone.0128428.ref048]--[@pone.0128428.ref052]\] with λ = 6 and a minimum saccadic duration of 6 ms. We identified dynamic overshoots as saccades that occurred less than 20 ms after a preceding saccade \[[@pone.0128428.ref053]\] and we did not regard them as new saccades. Instead, we added the duration of the overshoot into the duration of the saccade, thus considering it part of the saccade. Microsaccades were defined as saccades with magnitude \< 2 deg in each eye \[[@pone.0128428.ref054]--[@pone.0128428.ref058]\].

The most popular contemporary microsaccade-detecting algorithm used here, and developed by Engbert and Kliegl \[[@pone.0128428.ref048]\], relies on a velocity threshold, determined by the parameter λ (the number of standard deviations above median velocity in a trial to be considered above the velocity threshold), that adapts to the level of noise in a given recording. Because video tracker data is typically nosier than search coil data (mean RMS for this experiment: video tracker 7.1 ± 1.1 deg/s, search coil 4.0 ± 0.6 deg/s), velocity thresholds for video tracker data are usually higher than for search coil data (mean polar-velocity thresholds for this experiment: video tracker 10.5 ± 0.8 deg/s, search coil 5.0 ± 0.6 deg/s). This complicates data interpretation, because differences in detection might be due to differing levels of noise, differing velocity thresholds, or both. For instance, we found that video tracker microsaccades had statistically significant shorter durations than their search coil counterparts when using the objective algorithm to detect microsaccades (data not shown). This is most likely due to the differential performance, on each recording system\'s data, of the microsaccade detection algorithm (as evidenced by the equal microsaccade durations between the two systems when using manual detection): higher noise levels in the video tracker data may have reduced the time during which eye movement speeds were above threshold, thereby shortening microsaccade durations, and/or lower noise levels in the search coil data may have increased the time during which eye movement speeds were above threshold, thus lengthening microsaccade durations. To avoid such confounds, we used manual detection of microsaccades for all the main analyses (triangles in [Fig 4](#pone.0128428.g004){ref-type="fig"} point to manually detected microsaccades).

![Examples of simultaneous horizontal and vertical eye position traces obtained with the search coil and video tracking, for each participant.\
Red triangles represent microsaccades detected with the video tracker; blue triangles represent microsaccades detected with the search coil. Note that microsaccades were detected by viewing the vertical and horizontal traces simultaneously. For illustration purposes, a small offset of 0.2 deg has been added to the search coil data.](pone.0128428.g004){#pone.0128428.g004}

### Microsaccade properties {#sec012}

We defined microsaccade magnitude as the magnitude of the 2-D vector resulting from the largest possible horizontal and vertical vectors made up from the samples comprising the microsaccade. Overshoot magnitude was defined similarly, as the magnitude of the 2-D vector resulting from the largest possible horizontal and vertical vectors made up from the samples comprising the overshoot. We defined microsaccade displacement as the magnitude of the vector from the beginning sample to the end sample of the microsaccade ([Fig 5](#pone.0128428.g005){ref-type="fig"}). We note that magnitude, overshoot and displacement are not independent measures (i.e. because magnitude is the sum of overshoot and displacement). We have chosen to include all three measures, despite their interdependency, to facilitate data comparison with other studies (where specific definitions of microsaccade magnitude may be lacking).

![Horizontal components from the vectors used to calculate microsaccade magnitude, displacement, and overshoot size (see [Methods](#sec002){ref-type="sec"} for the precise definitions of these terms).\
The vertical components of the vectors were defined similarly. Arrows indicate the magnitude, displacement, and overshoot of a video-tracked microsaccade. For illustration purposes, a small offset of 0.2 deg has been added to the search coil data.](pone.0128428.g005){#pone.0128428.g005}

All microsaccade and overshoot properties were calculated from the raw data using custom Matlab code. The microsaccade main sequence slopes were calculated by fitting a line to the peak-velocity/magnitude relationship by total least-squares (i.e. errors were assumed to be in the independent and dependent variables).

We considered a video tracker microsaccade and a search coil microsaccade to be one and the same if they had any time overlap in both recording systems (Figs [6](#pone.0128428.g006){ref-type="fig"}--[8](#pone.0128428.g008){ref-type="fig"}). We considered a video tracker overshoot and a search coil overshoot to be one and the same if they belonged to corresponding microsaccades.

![Coherence of detection between the two recording systems.\
(**A**) Percentage of microsaccades detected with the search coil that were also detected with the video tracker. (**B**) Percentage of microsaccades detected with the video tracker that were also detected with the search coil. Error bars represent the S.E.M. across participants (*n* = 4).](pone.0128428.g006){#pone.0128428.g006}

![Magnitude distributions for microsaccades detected in only one recording system or in both systems.\
Magnitude distributions of microsaccades detected in only one system (**A--B**) or both systems (**C--D**). Detection system indicated at the top of each panel.](pone.0128428.g007){#pone.0128428.g007}

![Comparison of microsaccade properties for microsaccades detected in both recording systems.\
Scatter plots for microsaccade magnitude (**A**), displacement (**B**), overshoot size (**C**), peak velocity (**D**), mean velocity (**E**), and duration (**F**). Each dot in (**A--F**) represents one microsaccade, with the property as measured with the video tracker on the *y*-axis and with the search coil on the *x*-axis. Average microsaccade magnitude (**G**), displacement (**H**), overshoot size (**I**), peak velocity (**J**), mean velocity (**K**), and duration (**L**), for each participant (i.e. average data from panels **A--F**). Each dot represents the average microsaccade property for one participant as measured with the video tracker on the *y*-axis and with the search coil on the *x*-axis. In the legend in panel (**A**), N indicates the number of common microsaccades detected in both data sets. Bar insets in (**G--L**) are the video tracker (red) and search coil (blue) averages across participants. Error bars represent the S.E.M. across participants (*n* = 4). \* indicates statistical significance with a *p*-value \< 0.05 (two-tailed paired *t*-tests).](pone.0128428.g008){#pone.0128428.g008}

### Ocular drift {#sec013}

Drift periods were defined as the eye-position epochs between microsaccades, overshoots, and blinks. We removed 10 ms from the start and end of each drift period (because of imperfect detection of blinks and microsaccades), and filtered the remaining eye-position data with a low-pass Butterworth filter of order 13 and a cut-off frequency of 30 Hz \[[@pone.0128428.ref059]\]. We removed an additional 10 ms from the beginning and end of each drift period to reduce edge effects due to the filter. Drifts shorter than 50 ms were discarded. Note that the low pass filter cannot completely remove all noise; thus, because video tracker data is typically noisier than search coil data, it is possible for noise to remain higher, post-filter, in the video tracker data than in the search coil data. We compared the horizontal and vertical eye positions during ocular drift (green traces in [Fig 9](#pone.0128428.g009){ref-type="fig"}) and instantaneous speeds (i.e. absolute values of the instantaneous velocity; derivative of green traces in [Fig 9](#pone.0128428.g009){ref-type="fig"}) of drift segments occurring over identical periods of time in the two systems, using the filtered data (green traces in [Fig 9](#pone.0128428.g009){ref-type="fig"}; see Statistical analyses below), which has the same temporal resolution (i.e. 500 Hz) as the original data. In addition, we compared drift displacements and distances across the two systems. The displacement was defined as the magnitude of the 2D vector joining the eye position at the beginning of the drift and the eye position at the end of the drift and the distance was defined as the length of the curve traced out by the eye position in 2D space over the duration of the drift. We calculated each drift property (speed, displacement, distance) for each drift epoch and then averaged across epochs for each subject. Oscillatory noise in the search coil data precluded drift analyses for participant 2 ([Fig 4](#pone.0128428.g004){ref-type="fig"}, blue trace of horizontal component).

![Examples of simultaneous horizontal drift traces (green lines) obtained with the search coil and video tracker, for each participant contributing to the drift analyses.\
For illustration purposes, a small offset of 0.2 deg has been added to the search coil data.](pone.0128428.g009){#pone.0128428.g009}

Statistical analyses {#sec014}
--------------------

We calculated correlations, across both eye tracking systems, for the 2D components (i.e. horizontal and the vertical) of eye position during ocular drift. To compare horizontal ocular drift between the two systems, we calculated Spearman\'s correlation coefficient (*ρ*) between all the eye position data samples (green traces in [Fig 9](#pone.0128428.g009){ref-type="fig"}) declared as drift in both data sets ([Table 1](#pone.0128428.t001){ref-type="table"}) (this was similarly done for vertical ocular drift), for each subject.

10.1371/journal.pone.0128428.t001

###### Drift descriptive statistics and correlations between ocular drift measured with the video tracker and ocular drift measured with the search coil.

![](pone.0128428.t001){#pone.0128428.t001g}

  Drift descriptive statistics   Horizontal ocular drift correlations   Vertical ocular drift correlations                              
  ------------------------------ -------------------------------------- ------------------------------------ ------ ------------ ------ ------------
  1                              128                                    271                                  0.68   \< 10^−30^   0.58   \< 10^−30^
  4                              159                                    614                                  0.47   \< 10^−30^   0.74   \< 10^−30^
  5                              33                                     3449                                 0.37   \< 10^−30^   0.43   \< 10^−30^

The three columns on the left side of the table indicate the subject and descriptive statistics for the given subject. The four columns on the right are the Spearman correlation coefficients (*ρ*) and the *p*-values obtained for each correlation in the horizontal and vertical component.

We also compared eye position during ocular drift and absolute pupil size by calculating Spearman\'s correlation coefficient between the eye position during ocular drift and the absolute pupil size in the video tracker data. To do this, we measured the absolute value of the pupil size over the duration of the experimental session, and correlated all pupil size samples with the corresponding ocular drift samples.

We used two-tailed paired *t*-tests for all other comparisons. All *t*-tests were done across subjects, rather than across saccades or drifts. The significance level was set to α = 0.05 throughout.

Results {#sec015}
=======

Human participants fixated a central target with their head supported while we recorded their eye positions simultaneously with a search coil and a fast video tracker (EyeLink 1000, SR Research). An experienced investigator (author M.B.M.) manually identified blinks, microsaccades, and overshoots from each recording system\'s data. Drift was defined as the eye movements occurring between microsaccades and blinks (see [Methods](#sec002){ref-type="sec"} for details). We then determined the agreement in microsaccade detection between the two systems, as well as the properties of microsaccades and drift measured using the two systems. Because all post and online processing procedures were equivalent for both data sets, any differences reported are due to differences in the recording systems.

Coherence of detection {#sec016}
----------------------

There was good qualitative correspondence between the microsaccades detected with each system, for each participant ([Fig 4](#pone.0128428.g004){ref-type="fig"}). The RMS was higher for the EyeLink data than the search coil data, however, suggesting higher levels of noise (mean RMS for this experiment: video tracker 7.1 ± 1.1 deg/s, search coil 4.0 ± 0.6 deg/s). To quantify any differences between the two systems, we first compared the coherence of microsaccade detection between the two systems. To do this, we declared a microsaccade detected with the video tracker and a microsaccade detected with the search coil to be one and the same if the two had any overlap in time. On average, 95 ± 3% of the search coil microsaccades were also classified as video tracker microsaccades, and 95 ± 2% of the video tracker microsaccades were also classified as search coil microsaccades ([Fig 6](#pone.0128428.g006){ref-type="fig"}).

Thus, our results indicate comparable microsaccade detection for video tracking and search coil data. Yet, 5% of microsaccades classified in one system were not classified in the other. This minor disagreement could be due to noise or errors in tagging by the experienced investigator (author M.B.M.). Upon inspecting the magnitude distributions of common and mutually exclusive microsaccades, we found that the discrepancy was largely constrained to microsaccades smaller than 0.5 deg ([Fig 7](#pone.0128428.g007){ref-type="fig"}); 89% of microsaccades smaller than 0.5 degrees detected with the search coil were also detected with the video tracker, and 92% of microsaccades smaller than 0.5 detected with video tracking were also detected with the search coil method. At the other end, 100% of microsaccades larger than 0.5 degrees detected with the search coil were also detected with the video tracker, and 99.8% of microsaccades larger than 0.5 degrees detected with video tracking were also detected with the search coil method. We next quantify any differences in the properties of microsaccades detected with both systems.

Coherence of microsaccade properties between search coil and video tracker recordings {#sec017}
-------------------------------------------------------------------------------------

To determine whether the properties of those microsaccades detected with both recording systems might differ, we measured each property using the same method for each dataset. We detected an average of 110 microsaccades per subject. We found that the peak/mean velocity of microsaccades detected with the video tracker was significantly larger than in their search coil counterparts ([Fig 8](#pone.0128428.g008){ref-type="fig"}). Microsaccade magnitude, displacement, overshoot size, and duration were not significantly different between the two systems ([Fig 8](#pone.0128428.g008){ref-type="fig"}). Finally, main sequence slopes for the peak-velocity/magnitude relationship were significantly higher for the video tracker than for the search coil (search coil: 75 ± 4 s^-1^; video tracker: 102 ± 5 s^-1^; *t*(3) = 4.12, *p* = 0.025). These results indicate that video tracker and search coil measurements of microsaccade properties differ in some ways.

Ocular drift {#sec018}
------------

### Coherence of drift properties between search coil and video tracker recordings {#sec019}

We compared the horizontal and vertical ocular drift (green traces in [Fig 9](#pone.0128428.g009){ref-type="fig"}) between the video tracker data and the corresponding search coil data, for 3 participants (see [Methods](#sec002){ref-type="sec"} for details). Correlations between video tracker drifts and their search coil counterparts were moderate (average vertical *ρ* = 0.58 ± 0.09; average horizontal *ρ* = 0.51 ± .09) but highly significant (all *p*-values \< 10^--30^). We also found that 2D video tracker drift speeds were significantly higher than those measured with the search coil (average 2D drift speed: search coil 0.56 ± 0.19 deg/s; video tracker 1.24 ± 0.10 deg/s; *t*(2) = 7.01, *p* = 0.02). Whereas the ocular drift speed was higher for the video tracker data than for the search coil data, neither the 2D displacement (average displacement: search coil 0.10 ± 0.01 deg/s; video tracker 0.38 ± 0.17 deg/s; *t*(2) = 1.74, *p* = 0.22) nor the 2D distance traversed by the eye during the drift (average distance: search coil 0.47 ± 0.24 deg/s; video tracker 1.50 ± 0.93 deg/s; *t*(2) = 1.48, *p* = 0.27) differed significantly between the two systems.

### Drift and pupil size interactions {#sec020}

Pupil size fluctuations can cause erroneous reports of eye position changes in pupil-based video trackers \[[@pone.0128428.ref034],[@pone.0128428.ref038]\]. Absolute pupil size (heretofore, pupil size) did not fluctuate much in the present study, as 75% of all pupil size samples were within 15% from the mean ([Fig 10](#pone.0128428.g010){ref-type="fig"}), but we did find a correlation between pupil size and ocular drift measured with the video tracker ([Table 2](#pone.0128428.t002){ref-type="table"}). It is difficult to fully unravel the implications of this result on the correlations between ocular drift across the two systems, because pupil size fluctuations can be due to eye movements changing the pupil size from the perspective of the video tracker camera (i.e. actual eye movements), or to fluctuations in luminance, arousal, or other factors. Most plausibly, the correlation between pupil size and ocular drift in the video tracker may explain why we did not find higher correlations between ocular drift across the two systems. That is, whereas pupil fluctuations not associated with changes in gaze position will produce erroneous drift in the video tracker, the search coil will only measure true rotations of the eye. Future research may validate or disprove this possibility by conducting simultaneous search coil and video recordings, while changing luminance levels in a controlled manner (i.e. as in \[[@pone.0128428.ref034],[@pone.0128428.ref038]\]). Whereas prior studies did not analyze pupil size fluctuations in relationship to ocular drift per se (\[[@pone.0128428.ref034],[@pone.0128428.ref038]\]) they did suggest, as the present research does, that fluctuations in pupil size will cause erroneous ocular drift measurements. Thus, previous findings \[[@pone.0128428.ref034],[@pone.0128428.ref038]\], combined with the current results, indicate that care must be taken when using a video tracker to measure ocular drift. In particular, one must carefully control variables such as luminance, arousal, or any others known to influence pupil size, for proper conclusions to be reached.

10.1371/journal.pone.0128428.t002

###### Drift and pupil size.

![](pone.0128428.t002){#pone.0128428.t002g}

  Correlation of horizontal ocular drift with pupil size   Correlation of vertical ocular drift with pupil size                        
  -------------------------------------------------------- ------------------------------------------------------ ------------ ------- ------------
  1                                                        -0.21                                                  \< 10^−30^   -0.28   \< 10^−30^
  4                                                        -0.23                                                  \< 10^−30^   -0.64   \< 10^−30^
  5                                                        0.36                                                   \< 10^−30^   0.35    \< 10^−30^

Correlations of pupil size with horizontal and vertical ocular drift.

![Pupil size fluctuations.\
Distribution of pupil size deviations from the mean pupil size for all subjects considered in the drift analyses (*n* = 3).](pone.0128428.g010){#pone.0128428.g010}

Discussion {#sec021}
==========

Human subjects fixated a central spot while we recorded their eye movements simultaneously with a fast video tracker (EyeLink 1000) and a search coil system. Our results indicate substantial agreement between the microsaccades and drift measured with each recording system. On average, 95% of microsaccades detected with the search coil were also detected with the video tracker, and 95% of microsaccades detected with the video tracker were also detected with the search coil. Microsaccade and drift properties measured with each system differed in some ways, however. Video tracker microsaccade magnitudes, peak/mean velocities, overshoot sizes, and main sequence slopes were significantly higher than their search coil counterparts. Horizontal and vertical ocular drift were significantly correlated between the two systems, but drift speeds were significantly larger for video tracker than for search coil data. We discuss possible explanations for our combined findings next.

Differences in microsaccade detection and properties {#sec022}
----------------------------------------------------

The small disagreement in microsaccade detection across the two systems could be due to noise and/or classification errors by the experienced investigator tagging the microsaccades (author M.B.M.). The larger peak/mean velocities of microsaccades detected with the video tracker are consistent with previous studies showing larger peak/mean velocities of saccades (almost exclusively larger than 1 deg) with video-oculography than with search coil methods \[[@pone.0128428.ref027],[@pone.0128428.ref031],[@pone.0128428.ref032],[@pone.0128428.ref034]\]. Only one study found no statistical differences between saccadic properties determined with a video-based infrared tracker and the search coil technique \[[@pone.0128428.ref030]\], but analyses were limited and their details scarce, thus precluding firm comparisons with the present study.

Some prior research has argued that video-oculography systems may produce less reliable measurements due to their low sampling rates \[[@pone.0128428.ref027]\]. This explanation is unlikely in light of the sampling rates in the present study (500 Hz) and in Kimmel et al.\'s study \[[@pone.0128428.ref034]\] (1000 Hz).

Previous studies have also proposed that the contact lens used with the search coil technique applies an artificial load that slows down eye motion, or that contact lens slippage results in a low-pass filtered version of the true eye velocity \[[@pone.0128428.ref031]\]. The results of \[[@pone.0128428.ref034]\] (higher peak velocities with video tracking than with the search coil, in the same eye) argue against these possibilities, but we note that their primates had surgically-implanted search coils (thus precluding or at least diminishing slippage and load application). The present findings do not support the load theory either, because microsaccades measured by both systems in the same eye showed higher peak velocities with video tracking than with the search coil, in agreement with \[[@pone.0128428.ref033],[@pone.0128428.ref034]\]. We cannot rule out lens slippage as a possibility, however.

An alternative explanation put forward by \[[@pone.0128428.ref034]\], and the most plausible one in our opinion, is that the different structures tracked by the two recording systems result in different saccadic peak velocities. The search coil tracks the globe's position in space, whereas the video tracker tracks the position of the pupil---a space defined by the iris---, which is non-rigid. Furthermore the video tracker sees the pupil through the eye lens, which is also non-rigid. This theory (see \[[@pone.0128428.ref034]\] for more details) could explain the higher peak velocities for video tracking than for search coils found both in Kimmel et al\'s study and in the present research. In agreement with this possibility, a recent study showed that post-saccadic oscillations in pupil-based eye trackers reflect motion of the pupil inside the iris \[[@pone.0128428.ref060]\].

Differences in drift speeds {#sec023}
---------------------------

Ocular drift was moderately, but significantly, correlated between the two systems, but drift speeds were higher for video tracker than for search coil data. Increased drift speeds as measured with the video tracker are probably due to increased noise compared to the search coil method (i.e. the speed of the data equals the speed of the real signal plus the speed of the noise). Variations in pupil size may also affect drift speeds measured with a video tracker \[[@pone.0128428.ref034],[@pone.0128428.ref061]\], but not with a search coil system. Thus, task designs that require large changes in luminance would preclude video-based drift measurements, as noted by \[[@pone.0128428.ref034]\]. Constant luminance conditions, such as those in the present experiment, will produce moderate correlations between video tracker and search coil drift. However, when measuring ocular drift using a video tracker, one must carefully control not only luminance, but also arousal and any other variables known to influence pupil size \[[@pone.0128428.ref034],[@pone.0128428.ref038]\].

A recent video tracking study found that drift speeds increased with time-on-task in human subjects \[[@pone.0128428.ref059]\]. Drift speeds observed at the beginning of the experiment were already higher than typically found with search coils or DPI trackers, in agreement with the present results. Despite higher-than-standard drift speeds, Di Stasi et al.\'s conclusions (as well as those of studies conducted in comparable circumstances) remain valid, because drift was measured within a single system, and so any changes across experimental conditions are relative to that system. We also note that, whereas the drift speed estimate from video tracking may be dominated by noise (and thus higher than in reality) when drift speeds are low and noise is high, as drift speeds increase (for instance, with time-on-task), the drift speed estimate may be dominated by the true drift speed. Thus, one may detect relative changes in drift speed even in the presence of noise that would preclude a good estimate of the absolute value of (low) drift speed.

It is worth noting as well that, whereas true drift speeds may be lower than those measured with the video tracker, it could also be that true drift speeds are higher than those measured with the search coil technique.

Noise {#sec024}
-----

Noise complicates microsaccade detection and lowers the accuracy of microsaccade and drift properties measurements. Here, recording conditions were not ideal for video tracking (i.e. a contact lens was in the eye, the eye was anesthetized, and a wire was coming out the eye). Furthermore, the RMS was higher for the EyeLink data than the search coil data, suggesting higher levels of noise (mean RMS for this experiment: video tracker 7.1 ± 1.1 deg/s, search coil 4.0 ± 0.6 deg/s). Even so, there was substantial agreement between the two systems. Measurements in more ideal conditions might result in even closer agreement between EyeLink and search coil measurements. It must be noted that automated saccade detection algorithms may require different parameters for optimal saccadic detection under different levels of noise (i.e. as in \[[@pone.0128428.ref048]\]). Such optimal algorithm parameters are likely to differ for any two eye tracking systems (or even for the same system, with different subjects/conditions).

Conclusions {#sec025}
===========

We found substantial agreement between FEM measurements with EyeLink 1000 and the search coil technique. Whereas some of the measured microsaccade and drift properties did differ between the two systems, this should not matter for most studies using only one system, however (i.e. when measuring microsaccades and drift with a single system, any changes across experimental conditions will be relative to that system).

Microsaccade detecting ability is critical to FEM studies (as everything hinges on microsaccade detection, even the accuracy of drift measurements), and we show here that microsaccade detection is comparable for the EyeLink and the search coil system. Further, drift measurements with EyeLink were significantly correlated with those from the search coil. Thus, contemporary video tracking technology now approaches the search coil for measuring FEMs, while interfering less with natural vision and being less invasive.

These results are consistent with recent research showing comparable detection of saccades and fixation disparity with EyeLink 1000 and a DPI tracker \[[@pone.0128428.ref062]\] (DPI trackers, like search coil systems, are high performance eye trackers but also suffer from relatively invasive and complicated setups), in non-simultaneous recording conditions.

Previous to the 1990s, microsaccades were often defined as having amplitudes smaller than 12 arc min (i.e. 0.2 deg). This cut-off value originated in studies finding that the distribution of saccadic sizes during fixation declined sharply around 12 arc min (\[[@pone.0128428.ref063]\], but see \[[@pone.0128428.ref064]\]). Later studies found that microsaccade sizes frequently exceeded this value, however, often asymptoting around 1 deg \[[@pone.0128428.ref002],[@pone.0128428.ref022],[@pone.0128428.ref055],[@pone.0128428.ref065]\]. The present results show that the increase in microsaccade sizes in the last \~15 years is not primarily due to the switch to video tracking methods, because the microsaccade magnitude distributions for both video tracker and search coil recordings found here extend well beyond 12 arc min.
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